Nuclear Theory 



Single Pion production from Nuclei 

S.K.Singh, M. Sajjad Athar and S. Ahmed3 

Department of Physics, Aligarh Muslim University, Aligarh-202 002, India. 
(Dated: February 2, 2008) 

We have studied charged current one pion production induced by i/ M (i/ M ) from some nuclei. The 
calculations have been done for the incoherent pion production processes from these nuclear targets 
in the A dominance model and take into account the effect of Pauli blocking, Fermi motion and 
renormalization of A properties in the nuclear medium. The effect of final state interactions of pions 
has also been taken into account. The numerical results have been compared with the recent results 
from the MiniBooNE experiment for the charged current 1-7T production, and also with some of the 
, older experiments in Freon and Freon-Propane from CERN. 
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The v^(y^) induced charged current production of pions from nuclear targets is calculated in a delta dominance 
model. In this model, the A resonance excited by v^v^) in the nuclear medium decays into pions, which undergo 
final state interaction with the nucleons in the nuclear medium. The main ingredients of the calculations are: model 
for the v^{v^) excitation of A, A propagation and its decay and the final state interaction of pions in the nuclear 
F ^ \ medium. 

The weak excitation of nucleon to A is described in terms of vector and axial-vector transition form factors. The 
vector form factors are determined from the analysis of electromagnetic excitation of A for which recent data from 
'— JLab are used to fix the parameters of the form factors [lj]. On the other hand, the axial vector form factor are 
determined from the older experiments done in hydrogen and deuterium targets. Once A is excited in the nucleus, its 
propagation is treated using relativistic Rarita Schwinger equation in terms of its mass and width which may change 

' due to nuclear medium effects. These effects are included by calculating the self energy of A in nuclear medium using 
nuclear many body theory in a local density approximation. The real and imaginary part of the A self energy modify 

■ the mass and width of delta in the nuclear medium which are parameterized as a function of nuclear density [2j. These 
As once produced in the medium decay to produce pions which undergo final state interaction with the nucleons in the 

. medium and lose energy in the elastic scattering or get absorbed through inelastic processes. These are treated using 
Monte Carlo simulations by generating a pion of given momentum and charge at a point r in the nucleus. Assuming 
the real part of the pion nuclear potential to be weak compared with their kinetic energies, they are propagated 
following straight lines till they are out of the nucleus. At the beginning, the pions are placed at a point (r = b, Zi n ), 

. where Zi n — —^JR 2 — |b| 2 , with b as the random impact parameter, obeying |b| <R. R is upper bound for the nuclear 
radius, which is chosen to be such that p(R) «10~ 3 po: with po is the normal nuclear matter density. Then pion is 
made to move along the z-direction in small steps until it comes out of the nucleus [H. 

In the following, we describe the formalism and present numerical results and discuss them. We also compare these 
results with the available experimental results. 

The cross section for neutrino induced charged current production of A ++ on a free proton and its subsequent 
decay i.e. 



Mk)+ P ^ fi-(k') + A++(p') 



is given 



by!: 



a(E v ) = -J-JL<%°°*°° f- dq 2 dk o< L ^ r (1) 

V v} 128^ 2 M A (s - Af 2 ) 2 J q 2 min q J k o m . n (W - M A ) 2 + (^f) 2 V ; 

where s — (p + k) 2 , W is the A invariant mass, M(Ma) is the nucleon(delta) rest mass, Ta is the A width, 
is leptonic tensor and hadronic tensor J^ v is defined in terms of the hadronic matrix element J M = ^> a A af1 ^, 
is Rarita Schwinger wave function for A, \E' is the nucleon wave function, A afl is the N-A transition vertex given in 
terms of vector and axial vector N — A transition form factors which are taken from the work of Lalakulich et al. [l[ . 
When the above process takes place in the nuclear medium the width and mass of A are modified which is described 
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FIG. 1: (a) Charged current 1tv + production cross section a vs E U)i for 12 C. (b) Charged current In production cross section 
a vs for 12 C. 



in terms of the self energy £ as Q: 

M A -> Ma = M A + ReE A = M A + 40— MeV and 

Po 

where T is Pauli corrected width. Cq accounts for the AN — > irNN process, CU2 for the two-body absorption process 
A7V — -> AW and CU3 for the three-body absorption process ANN — > NNN. The coefficients Cq, CU2, Ca3 and a, 
/? and 7 are taken from Ref. 0- We have taken energy dependent decay width for the A. 

The total scattering cross section for the neutrino induced charged current pion production process in the nucleus 
in the local density approximation is given byQ 



dk' 1 1 + C Q (^) 

256tt 3 J J ~ S fc ^ MM a (W - M A - i?eE A ) 2 + (f - 7mS A ) 2 



r/r 



P P (r) + ^Pr, 



L^J^ (3) 



The pions produced in this process are scattered and absorbed in the nuclear medium. This is treated in a Monte 
Carlo simulation using the results of Vicente Vacas[|| for the final state interaction of pions. 

In Fig.l, we show the total cross section for charged current single 7r + (Fig.la) and 7r _ (Fig.lb) production from 12 C 
using the N- A transition form factors given by Lalakulich et al. [I| • We have presented the results for total scattering 
cross section u(E v ) without the nuclear medium effects, with the nuclear medium modification effects, and with 
nuclear medium and pion absorption effects. For the incoherent process, we find that the nuclear medium effects lead 
to a reduction of around 12-15% for neutrino energies E„=0.7-2GeV and when the pion absorption effects are also 
taken into account along with the nuclear medium effects the total reduction in the cross section is around 30 — 40%. 

In Fig. 2, we have presented the results for the differential scattering cross section < > vs Q 2 f or CC17T+ 
production for the incoherent process averaged over the MiniBooNE and K2K spectrum for induced reaction in 
12 C and 16 0. 

We have presented the ratio of the cross sections for charged current l7r + (CC l7r + ) production to charged current 
quasielastic scattering(CCQE) in Fig. 3. For this purpose the cross section for quasi-elastic charged lepton produc- 
tion is calculated in our model [5j using weak nucleon axial vector and vector form factors given by Bradford et 
al.(BBBA06)@. The results have been compared with the preliminary results from MiniBooNE collaboration Q- 

In Fig. 4, we have presented the results for (^p) vs Q 2 averaged over the MiniBooNE spectrum for anti- neutrinos. 
We find that for the Q 2 distribution, the reduction in the differential cross section with nuclear medium effects is 
around 15% in the peak region of Q 2 which becomes 35% when pion absorption effects are also included. 
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FIG. 2: Q 2 distribution averaged over MiniBooNE flux(Left panel) and K2K flux(right panel) for — 12 C reaction. 
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FIG. 3: £££ in 12 C. 



In Fig. 5, we present our results for the total cross section obtained for the incoherent l7r~ production process on 
nucleon target induced by Vn on Freon-Propane(Ci r 3i3r — C^Hs) and compare our results with the experimental 
results of Bolognese et al. [8j . 

We have also studied the effect of various other Q parameterizations of N- A transition form factors on the differential 
cross section (^p)- We find that in the peak region of (J^p) the effect is quite small for antineutrino reaction but it 
could be 5-10% in the case of neutrino reactions Q. 

To summarize, we have used the A dominance model to study nuclear medium effects in pion production processes 
induced by neutrinos and antineutrinos from nuclei at intermediate energies relevant to MiniBooNE and K2K ex- 
periments. We find that the nuclear medium effects like the modification of mass and width of delta in the nuclear 
medium and final state interaction of pions give an overall reduction of 15% without pion absorption and 30% with 
pion absorpton in the magnitude of total cross section and Q 2 distribution. However, the shape of Q 2 distribution 
is not affected by inclusion of these effects except at very low Q 2 . The results for neutrino and antineutrino induced 
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FIG. 4: Q 2 distribution averaged over MiniBooNE flux for — 12 C reaction. In the inset the ratios of the differential cross 
sections calculated including nuclear medium with(without) pion absorption effects to the cross section calculated without 
including nuclear medium effects have been shown. 
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FIG. 5: Charged current l7r production cross section a vs for Freon-Propane. 



reactions are qualitatively similar. 
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